We used a calibrated coupled climate-hydrological model to simulate Meuse discharge over the late Holocene (4000-3000 BP and 1000-2000 AD). We then used this model to simulate discharge in the twenty-first century under SRES emission scenarios A2 and B1, with and without future land use change. Mean discharge and medium-sized high-flow (e.g. Q 99 ) frequency are higher in 1000-2000 AD than in 4000-3000 BP; almost all of this increase can be attributed to the conversion of forest to agriculture. In the twentieth century, mean discharge and the frequency of medium-sized high-flow events are higher than in the nineteenth century; this increase can be attributed to increased (winter half-year) precipitation. Between the twentieth and twenty-first centuries, anthropogenic climate change causes a further increase in discharge and medium-sized high-flow frequency; this increase is of a similar order of magnitude to the changes over the last 4,000 years. The magnitude of extreme flood events (return period 1,250-years) is higher in the twenty-first century than in any preceding period of the time-slices studied. In contrast to the long-term influence of deforestation on mean discharge, changes in forest cover have had little effect on these extreme floods, even on the millennial timescale.
Introduction
The relatively large number of high-flow events on the River Meuse ( Fig. 1 ) in recent years, compared to the rest of the twentieth century (De Wit et al. 2007a) , has led to widespread public, academic, and political interest. Future climate change is expected to have major impacts on river discharge (Kundzewicz et al. 2007) , and hence many modelling studies have been carried out to assess the potential changes in Meuse discharge and flood frequency in the twenty-first century (e.g. Booij 2005; Bultot et al. 1988 Bultot et al. , 1990 De Wit et al. 2001 , 2007b Gellens 1991; Gellens and Roulin 1998; Middelkoop et al. 2004; Middelkoop 2001, 2002) .
To date, these studies have used models calibrated and validated against observed discharge data of the last century, and have compared projected discharge and flood frequencies in the twenty-first century with those of the last 100 years. However, simulations of long-term changes (centuries to millennia) could help to understand the characteristics of natural decadal-centennial scale variability in discharge (Arnell et al. 2001) , and to assess future changes in the context of natural variability. Ward et al. (2007) simulated the discharge of 19 river basins around the world on a monthly time-step for three periods during the Holocene, and Aerts et al. (2006) extended these simulations for the period 9000 BP until 2100 AD for 15 of the basins. The results of the latter study showed that mean river discharge in the majority of the basins is expected to change more due to climate change in the twenty-first century than due to natural climate variability over the last 9,000 years. These simulations were carried out with a monthly time-step, and only considered natural changes in land use in response to long-term climatic change. Ward et al. (2008) simulated the daily discharge of the Meuse over the periods 4000-3000 BP and 1000-2000 AD. The period 4000-3000 BP was selected as a natural reference period since the natural climatic forcings at that time were broadly similar to those of today (Goudie 1992) , whilst human influence on land use was minimal (Bunnik 1995; Gotjé et al. 1990; RWS Limburg/IWACO 2000) . The basin was heavily influenced by human activities in the period 1000-2000 AD, namely changes in land use throughout the period, and greenhouse gas and sulphate aerosol emissions since the industrial revolution. The results showed that the discharge and frequency of high-flows (up to 3,000 m 3 s −1 ) were higher in the period 1000-2000 AD than in the period 4000-3000 AD, mainly as a result of lower evapotranspiration due to the large-scale conversion of forest to agricultural land. However, despite reforestation over the last 100 years, discharge and the frequency of such high-flow events were higher in the twentieth century than in the nineteenth century. Almost all of this change can be explained by higher precipitation totals, particularly in the winter half-year (November-April). Hence, climate and land use have both had major effects on late Holocene Meuse discharge on different timescales. Assessments of the future effects of these factors would allow us to assess future change in the context of millennial scale natural and humaninduced environmental change.
The aim of the present study is to assess the effects of projected climate and land use change in the twenty-first century on the discharge and flood frequency of the Meuse river, in relation to the effects of millennial scale natural and anthropogenic environmental changes over the course of the late Holocene. This will allow us to assess the nature and scale of future changes in discharge and flood frequency in the context of long-term (millennial) changes. To the best of our knowledge, this is the first hydrological modelling study to assess future changes in discharge and flood frequency in relation to long term changes during the late Holocene.
Study area
The Meuse is a predominantly rain-fed river with a total length of ca. 875 km, and a catchment area of ca. 33,000 km 2 . For this study, the basin has been modelled upstream from Borgharen ( Fig. 1) . Borgharen is situated in the Netherlands, close to the Belgian-Dutch border; the catchment area upstream from Borgharen is ca. 21,000 km 2 . The model was set up upstream from this point for a number of reasons. Firstly, discharge measurements at Borgharen, corrected for canal extractions upstream, are available since 1911, which is the longest discharge time-series in the basin, and allows for model calibration and validation. Secondly, current water management practice in the Netherlands uses daily discharge observations at Borgharen in the estimation of flood return periods. Thirdly, we did not model the basin as far downstream as the current Rhine-Meuse confluence, since its location has changed over the course of the Holocene (Berendsen and Stouthamer 2001) . Mean annual precipitation over the basin is ca. 950 mm a −1 , and is reasonably evenly distributed throughout the year. The spatial distribution of precipitation is to a large extent a reflection of elevation and distance from the coast. Mean temperatures show marked seasonal variations, and annual potential evapotranspiration is much higher in the summer half-year (May-October) than in the winter half-year (NovemberApril) (76% and 24% of the total respectively). The mean annual discharge of the Meuse and its associated canals at the border of Belgium and the Netherlands is ca. 276 m 3 s −1 ; summer and winter half-year mean discharge are 146 and 406 m 3 s −1
respectively (Ashagrie et al. 2006) .
Methods
Initially, the climate model ECBilt-CLIO-VECODE (Brovkin et al. 2002; Goosse and Fichefet 1999; Opsteegh et al. 1998) was coupled with the hydrological model STREAM (Aerts et al. 1999 ) to simulate Meuse palaeodischarge at a spatial resolution of 2 × 2 with a daily time-step, for the periods 4000-3000 BP and 1000-2000 AD. Climate change was modelled in a transient manner, whilst land use configurations were changed in time steps of one century (Ward et al. 2008) . In the present study, the experiment was subsequently continued until 2100 AD.
Models and climate forcing parameters
ECBilt-CLIO-VECODE is a three-dimensional coupled climate model consisting of three components describing the atmosphere, ocean, and vegetation (Brovkin et al. 2002; Goosse and Fichefet 1999; Opsteegh et al. 1998) . The model is an Earth System Model of Intermediate Complexity (EMIC) . The atmospheric model ECBilt is a quasi-geostrophic, T21 horizontal resolution spectral model, corresponding to a horizontal resolution of ca. 5.6
• × 5.6
• , with three vertical levels (Opsteegh et al. 1998) . CLIO is a primitive-equation three-dimensional, freesurface ocean general circulation model coupled to a thermodynamic and dynamic sea-ice model, and has a horizontal resolution of 3
• × 3 • , with 20 vertical levels (Goosse and Fichefet 1999) . The dynamic terrestrial vegetation model VECODE computes herbaceous plant, tree, and desert fractions per land grid cell (Brovkin et al. 2002) and is coupled to ECBilt through the surface albedo.
The climate model output used in this study were forced by annually varying orbital parameters following Renssen et al. (2005) ; atmospheric volcanic aerosol content and fluctuations in solar activity following Goosse et al. (2005) ; and atmospheric greenhouse gas and sulphate aerosol concentrations following Renssen et al. (2005) for 4000-3000 BP and 1000-1750 AD, and Goosse et al. (2005) for 1750-2000 AD. For the twenty-first century, atmospheric volcanic aerosol content and fluctuations in solar activity were assumed to have the same values as for the twentieth century in order to facilitate comparisons between the twentieth and twenty-first centuries, and atmospheric greenhouse gas and sulphate aerosol concentrations were prescribed according to the Special Report on Emission Scenarios (SRES) of the Intergovernmental Panel on Climate Change (IPCC 2000) . We used SRES emission scenarios A2 and B1 since these lie towards the upper and lower end of the full spectrum of IPCC scenarios respectively in terms of projected temperature change by the end of the twenty-first century, and can therefore be used to assess the response of the system to a broad range of possible future changes. Compared to the baseline concentration of atmospheric CO 2 in 1990 AD (ca. 354 ppm), the A2 and B1 scenarios prescribe increases to 836 and 540 ppm respectively by 2100 AD. The climate model experiments were run in ensemble mode, with four ensemble members. Each ensemble member represents a single model run. The ensemble members are forced using the same climatic parameters, but with slightly different initial climatic conditions to account for the chaotic behaviour of the atmospheric system. Hence, the ensemble mean can be used to evaluate long-term trends and changes.
STREAM is a grid-based spatially distributed water balance model that describes the hydrological cycle of a drainage basin as a series of storage compartments and flows (Aerts et al. 1999) . It is based on the RHINEFLOW model of Kwadijk (1993) , and uses a raster GIS database to calculate the water balance of each grid cell per time-step. The water balance is calculated using the Thornthwaite (1948) equations for potential evapotranspiration and the Thornthwaite and Mather (1957) equations for actual evapotranspiration; these equations use temperature and precipitation as the major input parameters. For each time-step the model generates runoff, groundwater storage (shallow and deep), snow cover, and snow melt. The direction of water flow between cells is based on the steepest descent for the eight surrounding grid cells on a digital elevation model (DEM). The main flows and storage compartments used to calculate water availability per cell are shown in Fig. 2 .
In this study, STREAM is run with a daily time-step, and a spatial resolution of 2 × 2 (ca. 2.4 km × 3.7 km); this is high enough to capture the dominant processes in the basin (Booij 2002) . We derived the flow network based on the USGS GTOPO30 DEM (http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html). The model was forced using all four ensemble members of the climate model data. 
Climate input data
The climate data (daily temperature and precipitation) derived from ECBilt-CLIO-VECODE have a spatial resolution of ca. 5.6
• , and therefore need downscaling to the resolution of the STREAM model (2 × 2 ). The first step was a spatial downscaling procedure (Bouwer et al. 2004) , whereby the values from the ca. 5.6
• climate model grid were simply resampled onto a 2 × 2 grid. We then applied correction factors to the spatially downscaled climate model data (for temperature additive and for precipitation multiplicative), which were derived from the difference for each grid cell in mean monthly temperature and precipitation between the climate model data and a higher resolution baseline dataset. For the baseline dataset we used the CRU TS 1.2 dataset of precipitation and temperature (Mitchell and Jones 2005) , which has a spatial resolution of 10 × 10 .
The spatially downscaled ECBilt-CLIO-VECODE data were spatially redistributed using the following formulae:
where p ECB(d,i) is the spatially redistributed ECBilt precipitation for a particular day, d, and cell, i, p ECB(d,i) is the raw ECBilt precipitation for a particular day, d, and cell, i,p CRU(m,i) is the observed (CRU) average monthly precipitation for a particular month, m, and cell, i, andp ECB(m,i) is the raw ECBilt mean monthly precipitation for a particular month, m, and cell, i.
where t ECB(d,i) is the spatially redistributed ECBilt temperature for a particular day, d, and cell, i, t ECB(d,i) is the raw ECBilt temperature for a particular day, d, and cell, i,t CRU(m,i) is the observed average monthly temperature for a particular month, m, and cell, i, and t ECB(m,i) is the raw ECBilt mean monthly temperature for a particular month, m, and cell, i. An analysis of the agreement between the downscaled and observed datasets of precipitation and temperature can be found in Ward et al. (2008) .
Land use input data
A crop factor map is used in STREAM to calculate potential evapotranspiration (PE). The crop factor is a dimensionless factor by which the reference PE is multiplied in order to account for the difference in PE over different land use types. The land use classes were simplified due to the relative scarcity of detailed historical land use data, and reclassed to crop factor maps based on values in Kwadijk (1993) , and Aerts and Bouwer (2002) : urban (0.8); forests (1.1); agriculture and grasslands (0.9); wetlands (1.1); and water bodies (1.5). In this section we describe the land use input data used for the twentieth and twenty-first century simulations. The land use data used for the preceding periods (i.e. 4000-3000 BP and 1000-1900 AD) are discussed in detail in Ward et al. (2008) . Land use configurations for the twentieth and twenty-first centuries were based on the EURURALIS 2.0 project (WUR/MNP 2007; www.eururalis.eu). For the twentieth century, the land use configuration was based on the situation in 2000 AD. For the twenty-first century, the land use configuration was based on the projected situation following the scenarios 'Continental Market' and 'Global Cooperation', which correspond with the climate emission (SRES) scenarios A2 and B1 respectively. Throughout the rest of this paper we therefore refer to these land use scenarios as A2 and B1. However, since the focus of the SRES scenarios (IPCC 2000) is outside land use, agriculture, and rural development, and lacks the regional disaggregation needed for high resolution land use modelling , the EURURALIS scenarios were elaborated for land use issues and agricultural policies typical for Europe (Westhoek et al. 2006) . Future land use change was simulated with an extended version of the global economic model (GTAP) and an integrated assessment model (IMAGE) to calculate changes in demand for agricultural area at the country level, whilst a spatially explicit land use change model (CLUE-s) was used to translate these land claims into land use patterns at a 1 km × 1 km resolution (Verburg et al. , 2008 . Since land use change is dependent on physical, socioeconomic, and political processes (such as changes in the common agricultural policy, oil prices, etc.) (Van Rompaey et al. 2002; Verburg 2006) , it is difficult to simulate meaningful scenarios for long timeframes, and therefore the results are highly sensitive to future socioeconomic and political decisions and preferences. Therefore, the land use simulations of the EURURALIS project were made based on anticipated changes in the main drivers of land use change assumed to be valid for the year 2030 AD. The projected land use situation for 2030 AD was assumed to be representative for the first half of the twenty-first century (2000-2050 period) . In the analysis a direct comparison with the results for 4000-3000 BP and 1000-2000 AD is made, as the land use scenarios were also changed in time-steps of one century in these periods.
Calibration and validation of the STREAM model
Calibration was carried out for the relatively wet period 1961-2000, and validation for the relatively dry period 1921-1960. The calibration was initially carried out for the main river at Borgharen, using data provided by RWS Waterdienst, pertaining to the 'undivided Meuse'; they are based on discharge measurements at Borgharen, corrected for canal extractions between Liège and Borgharen (De Wit et al. 2007b) , and are available since 1911. Observed data from ten gauging stations further upstream were also used. The calibration was carried out by varying model parameters with the aim of reproducing daily, monthly, and annual discharge characteristics similar to those of the observed records. Where independent measurements exist for output variables other than discharge, these were also used in the calibration; in this case actual evapotranspiration (AE) and the number of snow-cover days. The results of the calibration and validation, as well as sensitivity analysis, are discussed in Ward et al. (2008) .
Results

Land use change
The basin-average land use (upstream from Borgharen) is given in Table 1 . It should be noted that the land use for the twenty-first century is in fact a projection For the period 1000-2000 AD, the land use configuration was altered per 100 year period; the value shown here represents the average configuration over the entire period to 2030 AD only, thus likely underestimating the changes for the entire century.
The overall change in land use between the twentieth century and 2030 AD is small for the A2 scenario. This scenario depicts a world of divided regional blocks in which each block strives for self sufficiency so as to be less reliant on other blocks. Agricultural trade barriers and support mechanisms continue to exist. In combination with high economic growth in the region, claims on land resources are high for both urbanisation and agriculture. As a result, the agricultural area faces little change. In spite of the low net changes there are some shifts in land use patterns: marginal, low intensity grasslands on the steep slopes of the Belgian Ardennes are reforested, whilst some patches of forest in the areas more suitable for agriculture (on the plateaus and the margins of the region) are reclaimed for agriculture. Under the B1 scenario, the forested area at 2030 AD is higher than in the twentieth century by ca. 2%, whilst the area under agriculture and grassland is lower by ca. 2%. The B1 scenario depicts a world of successful international cooperation aimed at poverty reduction and environmental protection. Trade barriers are removed and governance aims at protecting cultural and natural heritage values. Increased global trade in agricultural commodities, in combination with increased productivity, leads to lower claims on agricultural lands in marginal areas, such as large parts of the Meuse basin. As crops can be produced much more efficiently in other regions of Europe (and the rest of the world), large areas of arable land in the Meuse catchment could potentially be abandoned or reforested. However, at the same time it is assumed that under this scenario subsidies for farmers in less suitable areas are maintained, and since most of the Meuse basin is eligible for such subsidies, land abandonment is reduced to a large extent.
In both scenarios, the rate of urbanisation is rather low. This is mainly due to the limited number of major cities located in the catchment, and the catchment's location outside the core economic regions of the riparian countries. Large areas of agricultural land in western Belgium (outside the Meuse basin) are converted to urban area; this loss of prime agricultural land provides another incentive for farmers in the eastern part of the country (where the Meuse catchment is situated) to continue farming.
Long-term trends and changes in climate and discharge
The long-term changes in mean 50-year discharge at Borgharen, and basin-averaged mean temperature and precipitation per 50-year period, are shown in Fig. 3 ; in these simulations the twenty-first century experiments are carried out using the A2 and B1 climate and land use configurations, which show projections of land use until 2030 AD only. Hence, the effects of land use change in the second half of the twenty-first century are not included in the simulation. Throughout this paper we have used the Mann-Kendall (MK) test to assess the statistical significance of trends over different periods, and the t-test to assess the statistical significance of changes in mean values between different periods.
Over the course of the period 4000-3000 BP, mean 50-year temperature shows a statistically significant negative trend (p < 0.001; Fig. 3 ). This trend is also evident over the period 1000-1900 AD (p < 0.001). However, after 1850 AD, the curve of mean temperature (Fig. 3) shows a positive trend under both the A2 and B1 scenarios, to temperatures far higher than those in any other period studied.
Whilst mean 50-year precipitation shows no significant trend over the periods 4000-3000 BP or 1000-2000 AD (p = −0.1048 and p = −0.2176 respectively), mean precipitation is significantly higher in 1000-2000 AD than in 4000-3000 BP (p < 0.001) (Fig. 3 ). There is a positive trend in mean precipitation after 1850 AD (Fig. 3) . The mean precipitation in the period 1950-2000 AD (917.2 mm a −1 ) is higher than in any preceding 50-year period, and is higher still in the twenty-first century, reaching ca. 1008.1 mm a −1 (A2) or 989.9 mm a −1 (B1) for the period 2050-2100 AD. The effects of the prescribed changes in climate and land use on discharge are also shown in Fig. 3 . Mean 50-year discharge is significantly higher (p < 0.001) in the period 1000-2000 AD (261.0 m 3 s −1 ) than in the period 4000-3000 BP (244.8 m 3 s −1 ). Furthermore, mean discharge shows a significant positive trend over the period 1000-2000 AD (p < 0.001). In the twenty-first century, mean discharge is much higher than during any other 50-year period in the time-periods studied. For the period 2050-2100 AD, mean discharge is 314.0 m 3 s −1 (A2) or 303.3 m 3 s −1 (B1).
Relative contributions of climate and land use change to changes in discharge
In this section we examine the impacts of climate and land use change on Meuse discharge (annual and seasonal) and medium-sized high-flow events on different timescales. In Table 2 (Table 2) . In order to assess the relative contribution of changes in climate and land use to changes in these discharge parameters, we carried out further simulations with STREAM, but using the land use configuration of the twentieth century in combination with the climate data for 2000-2050 AD, and the land use configuration representative for the first half of the twenty-first century in combination with the climate data for 1950-2000 AD. In this way the effects of changes in climate and We also carried out a similar exercise to assess the relative effects of changes in climate and land use change on discharge between the natural reference period 4000-3000 BP and the period 2000-2050 AD; the results are shown in Table 3 . For both scenarios, the effects of climate and land use change on mean annual discharge are of a similar order of magnitude on this timescale; the effects of land use change are stronger in the summer half-year, whilst the effects of climate change are stronger in the winter half-year. Changes in both climate and land use have led to significantly higher values of the high-flow percentiles shown here for the period 2000-2050 AD, compared to those for the natural reference period (4000-3000 BP).
Trends and changes in climate and their impacts on discharge in the twentieth
and twenty-first centuries
The long-term simulations of temperature, precipitation, and discharge all suggest large increases over the coming century, resulting in values greater than those seen over the last 4,000 years. In this section we examine the trends and changes in climate in the twentieth and twenty-first centuries, and their impacts on discharge in more detail. Since the impact of the projected small changes in land use between 1950-2000 AD and 2000-2050 AD on mean discharge is minor, and we have no projections of land use change for the latter half of the twenty-first century, we use a Table 4 . Over the course of the twentieth century, annual mean, summer half-year, and winter half-year temperature all show significant positive trends (Ward et al. 2008) . This is also the case for the twenty-first century under both scenarios, and for all seasons (Table 4) . Mean annual temperature in the period 2050-2100 AD is 1.7
• C (A2) or 1.1
• C (B1) higher than in the period 1950-2000 AD. The resulting mean annual temperature for the period 2050-2100 AD under the A2 scenario (ca. 11.2
• C) is significantly higher than that under scenario B1 (10.7
• C; p < 0.001). Over the course of the twenty-first century, there are significant positive trends of mean annual precipitation under both scenarios (Table 4 ). This is also the case for the winter, spring, and autumn, with the strongest trend in winter ( Fig. 4b and Table 4 ). Summer precipitation is lower in the period 2050-2100 AD for both scenario A2 (226.2 mm a −1 ) and B1 (236.3 mm a −1 ) than in the period 1950-2000 (238.2 mm a −1 ), although this decrease is not statistically significant in either case (p = 0.070 and p = 0.752 for A2 and B1 respectively). Mean annual precipitation in the period 2050-2100 AD is significantly higher than in the period 1950-2000 AD, with an increase of 91 mm a −1 (A2) or 73 mm a −1 (B1). For both scenarios, there is no change in the interannual variability of precipitation during any season (F-test, α = 0.05), except for an increased variability during the spring under scenario A2. The interactions of temperature and precipitation, and their impact on soil moisture content, lead to alternations in actual evapotranspiration (AE). As a result of the positive trend in temperature over the course of the twentieth century, mean annual and winter half-year AE also show significant positive trends over that timeperiod. For the twenty-first century, the positive trends in annual temperature and precipitation also lead to a strong and positive trend in AE (Table 4) ; this is also the case for all seasons except for summer, for which there is no significant trend under either scenario. This can be explained by two factors: (a) summer season precipitation is lower in the period 2050-2100 AD than in 1950 -2000 the results show that, on average, the soil moisture storage compartment of the hydrological model holds less water in the summer season in the twenty-first century than in the twentieth century, as a result of higher AE in the preceding spring season.
Hence, less soil water moisture is available for evaporation, and surface runoff generation in the summer months is delayed since more precipitation is required to fill the soil moisture compartment.
No significant trends in either annual, summer half-year, or winter half-year discharge are found over the course of the twentieth century (Ward et al. 2008) . For the twenty-first century, there is a clear positive trend in mean annual discharge (Table 4) ). The higher mean annual discharge in the twenty-first century (compared to the twentieth century) is mainly the result of higher winter season discharge (Fig. 4d) ) there is no significant change in AE between those periods. Hence, the changes in discharge cannot be attributed to precipitation change alone. The model results reveal that the higher discharge in the summer months is caused by higher precipitation totals during the preceding spring, winter, and autumn, which lead to higher values of groundwater storage in the summer. As a result, the baseflow is higher in the twenty-first century than in the twentieth century, and this more than compensates for the lower modelled values of surface flow.
Flood events
In this section, we examine changes in the frequency of flood events over the late Holocene. For this purpose, we compare the frequency distributions of daily discharge for the periods 4000-3000 BP, 1000-2000 AD, and the 21st century. Since we only have future land use projections until the year 2030 AD, and do not know how this will change after that time, the twenty-first century results are based on a simulation using the constant twentieth century land use configuration. Hence, the changes between the twentieth and twenty-first century are forced by changes in climatic parameters only. The empirically derived frequency distributions of daily discharge are based on the combined results of the four climate model ensemble members, and hence the number of data-points for the 1,000 year periods is 4000, and the number of data-points for the 100 year periods is 400. There is a significant difference in the frequency distributions of daily discharge between the periods 4000-3000 BP and 1000-2000 AD, and also between 1000-2000 AD and the twentyfirst century (Kolmogorov-Smirnov (KS) test, p < 0.001). In Fig. 5 , we show the probability of daily discharge above a threshold, based on the results derived from STREAM. The frequency of high-flow events during the twenty-first century is higher than during the natural reference period 4000-3000 BP, the period 1000-2000 AD, and the twentieth century (under both scenarios A2 and B1). Floods with a magnitude of 3,000 m 3 s −1 (similar in magnitude to the major floods of 1926 and 1993) occur under scenario A2 twice as frequently as in the twentieth century, and almost four times as frequently as during the natural reference period 4000-3000 BP. In order to assess the change in the frequency of extreme flood events, the use of extreme value statistics was required, since these events occur much less frequently than the length of the modelled time-series. Using the combined results of the four climate model ensemble members, we first assessed the quality of fit of several extreme value distributions (Gamma, GEV, Gumbel, Johnson, Lognormal, Pareto, Weibull) against the modelled data for the periods 4000-3000 BP, 1000-2000 AD, and the twenty-first century, using the KS and χ 2 tests; we found that the Gumbel distribution gave the best overall fit.
We then fit Gumbel distributions to each of the time-periods studied, and used these to estimate the magnitude of flood events with extremely long return periods. In Table 5 , the discharge magnitudes associated with flood events with a return period of 1,250 years are shown. This return period was used since the design discharge for embanked sections of the Netherlands is also based on an event with this return period. However, it should be noted that the method used to determine the design discharge is different to the one used here (a weighted average of several extreme discharge distributions is used in the official assessment of design discharge; Diermanse 2004) , and hence our results should not be interpreted as alternative estimates of design discharge. There is little variation in the discharge magnitude associated with a return period of 1,250 years between the periods 4000-3000 BP, 1000-2000 AD, and the twentieth century (Table 5) . However, for the twenty-first century, the magnitude of the flood with return period of 1,250 years is higher than for the preceding time-periods, especially for scenario A2, which falls outside the upper 95% confidence limit of the twentieth century estimate. The results in Table 5 also show that the effects of land use change on the magnitude of such extreme events These magnitudes are obtained by fitting a Gumbel distribution to the values of annual maximum discharge. The values presented in the table are based on the simulation results for all four ensemble members. The value for observed discharge is based on the observed annual maximum discharges at Borgharen for the period 1912-2000 AD. The values for the twenty-first century are estimated using the twenty-first century climate, but the twentieth century land use configuration. For the twentieth century simulations, the discharge magnitude associated with the upper and lower 95% confidence limits of the Gumbel distribution are also shown; for the twenty-first century the discharge magnitude falls outside these limits under the A2 scenario are small, with little change between the periods 4000-3000 BP and 1000-2000 AD, despite a reduction in forest cover of more than 50%.
Discussion
Effects of long-term changes in climate and land use on past and future Meuse discharge
The discharge and the frequency of medium-sized high-flows (e.g. Q 99 ) of the Meuse are significantly higher in the period 1000-2000 AD than in the natural reference period 4000-3000 BP; on this millennial timescale almost all of the increase is the result of decreased evapotranspiration due to the conversion of forest to agricultural land. However, despite a large increase in forested area between the nineteenth and twentieth centuries, discharge and medium-sized high-flow frequency are greater in the latter period than in the former; these increases are attributable to a large increase in (winter half-year) precipitation (Ward et al. 2008) .
The results of the present study suggest that the long-term trend of increasing mean discharge will continue and strengthen throughout the twenty-first century. In the first half of the twenty-first century (2000 ( -2050 , the discharge and frequency of medium-sized high-flows are significantly higher than in the preceding half century (1950 ( -2000 . Despite the theoretical potential of changes in forest cover to significantly alter mean discharge and flood magnitudes (as exemplified by the effects over the late Holocene), the projected changes in land use between 1950-2000 AD and 2000-2050 AD are small. As a result, the effects of land use change have little effect on discharge and high-flow frequency on this timescale. In the period 2000-2050 AD, the difference in discharge between the A2 and B1 scenarios is small; the difference is greater in the period 2050-2100 AD. This is logical since the expected emissions of greenhouse gases under SRES emission scenarios A2 and B1 diverge more greatly during the second half of the twenty-first century.
Despite the fact that land use change during the first half of the twenty-first century may have little effect on the mean discharge and medium-sized high-flow frequency of the Meuse, the effects of climate and land use change on mean discharge have been of a similar order of magnitude if we compare the periods 4000-3000 BP and 2000-2050 AD. The effects of land use change have been stronger in the summer half-year, and the effects of climate change stronger in the winter half-year. This difference can be explained by the fact that: (a) the increase in winter half-year precipitation between those time periods is greater than the increase in summer halfyear precipitation; and (b) the large-scale conversion of forest to agricultural land between the natural reference period 4000-3000 BP and 2000-2050 AD has resulted in lower values of PE in the latter period. Clearly, this difference is greater in the summer half-year than in the winter half-year, since most evapotranspiration takes place in the summer half-year.
Nevertheless, even on the millennial timescale the deforestation of almost half of the basin has had little effect on extreme flood events (in this case operationalised by events with a return period of 1,250 years). Whilst numerous studies of the effects of deforestation on flood events have shown increased peak-flows around the globe (e.g. Brown et al. 2005; Gentry and Parody 1980; Jones 2000; Mahe et al. 2005 ), reviews of paired catchment studies show that this is not always the case (Andréassian 2004; EEA 2001) . Cosandey et al. (2005) state that the effects of deforestation on flood generation are less severe during large-scale, low intensity (frontal) rainfall events. The most severe flood events on the Meuse occur as a result of extended periods of frontal rainfall over large parts of the basin (Berger 1992) . Since the most extreme rainfall events of such a nature occur in the Meuse basin during the winter, our results show that the combination of saturated soils associated with a long period of antecedent precipitation, and low evapotranspiration rates during the winter, combine to minimise the effects of changes in forest cover on the most extreme flood events.
Comparison with other studies
Reconstructions of temperature, precipitation, and discharge, based on geological and geomorphological proxy data in the Meuse basin and northwest Europe, provide qualitative indications of the signs of change in these parameters over the course of the late Holocene. The main trends of these findings are generally in agreement with our results. Multi-proxy reconstructions of regional temperature for the late Holocene show a gradual decrease in temperature (especially in summer) (Bohncke et al. 1987; Goosse et al. 2006; Zagwijn 1994) . Proxy data on late Holocene precipitation change in the region are scarce, but suggest slightly higher precipitation totals in the last millennium compared to the period 4000-3000 BP (Bohncke and Vandenberghe 1991; Van Geel et al. 1996) . Multi-proxy studies on late Holocene discharge in the Meuse basin are in general agreement with our conclusion of increasing mean discharge and high-flows (e.g. Berendsen and Stouthamer 2001; De Moor et al. 2008; Hofstede et al. 1989) . For a more comprehensive overview of these studies see Ward et al. (2008) .
The results of hydrological modelling results for the future tend to agree that mean winter season Meuse discharge in the twenty-first century will be greater than that in the twentieth century (e.g. Booij 2005; Bultot et al. 1988 Bultot et al. , 1990 De Wit et al. 2001; Gellens and Roulin 1998; Middelkoop et al. 2004; Van Deursen and Middelkoop 2001) , as a result of higher winter precipitation totals (e.g. Booij 2005; Bultot et al. 1988 Bultot et al. , 1990 De Wit et al. 2001 , 2007b Gellens and Roulin 1998; Giorgi and Coppola 2007; Kwadijk and Rotmans 1995; Van den Hurk et al. 2006) . For the summer halfyear and summer season, hydrological modelling results show more inter-model and inter-scenario variation (e.g. De Wit et al. 2001; Gellens and Roulin 1998; Können 1999; Middelkoop et al. 2004 ). This variation can be explained to a large degree by differences between the climate scenarios and climate models used; for the summer period, climate modelling results still show a wide range of future possibilities. This uncertainty is reflected in the most recent KNMI (Royal Netherlands Meteorological Institute) scenarios for the coming century (Van den Hurk et al. 2006) , which show no unequivocal picture for summer season precipitation in the Netherlands.
The majority of high-flows on the Meuse occur in the winter as a result of prolonged zonal precipitation over large parts of the basin. Climate models show good agreement on the projected changes in precipitation during the winter halfyear, which means that impact assessments can provide more reliable results for the winter than for the summer. Several hydrological modelling studies suggest that the frequency or magnitude of floods on the Meuse or its tributaries will be higher in the twenty-first century than in the twentieth century (e.g. Booij 2005; Bultot et al. 1988 Bultot et al. , 1990 Gellens 1991; Gellens and Roulin 1998; Leander et al. 2008; Middelkoop 2001, 2002) .
Few modelling studies of the Meuse have looked specifically at the effects of changes in land use. Ashagrie et al. (2006) and Tu et al. (2005) found no evidence in the observed record to suggest that land use change during the twentieth century had a significant effect on Meuse discharge. The current study indicates that in spite of the large land use changes expected in the twenty-first century at the European level (Busch 2006; Rounsevell et al. 2006; Verburg et al. 2006) , the projected land use changes in the Meuse basin in the first half of the twenty-first century are small, and as a result climate impacts dominate changes in hydrology.
Implications for water management
The discharge regime of the Meuse has undergone large changes over the course of the late Holocene, due to both natural causes (i.e. long term fluctuations in climate over the course of the late Holocene); and anthropogenic causes (i.e. large-scale deforestation of the basin, and the effects of anthropogenic climate change over the last century). As such, the 'natural' discharge regime no longer exists, even ignoring the (ongoing and projected) impacts of anthropogenic climate change. The emission scenarios used in this study for the twenty-first century lie towards the upper (A2) and lower (B1) end of the full range of SRES emission scenarios (IPCC 2000) in terms of the concentration of greenhouse gases in the atmosphere by the end of the twenty-first century, and hence represent a broad spectrum of possible futures. For the first half of the twenty-first century the differences between the two scenarios are relatively small, but by the second half of the twenty-first century the effects under scenario A2 become much more severe than those under scenario B1. At present it is not possible to say which of the future pathways is more likely to occur, as this is dependent on political, socioeconomic, and technical developments at the global scale. Nevertheless, even under the more optimistic B1 scenario the changes are large, with the changes in mean annual discharge and high-flow frequency between the twentieth and twenty-first centuries being as great as the changes that have taken place over the last 4,000 years. Moreover, the projected increases in discharge and flood frequency in the twenty-first century (compared to the twentieth century) as a result of climate change occur much more rapidly than the long term changes which have taken place since 4000 BP.
Hence, the results show that increased discharge and high-flow frequencies, to values far higher than those experienced over the last 4,000 years, may be unavoidable, even if a concerted and immediate effort were undertaken at the global scale to mitigate greenhouse gas emissions. This, and the fact that the future changes are much rapid than the long-term changes over the last 4,000 years, underscores the need for continued attention and research into adaptation strategies for water management.
Whilst large-scale deforestation in the Meuse basin has had a major effect on discharge and medium-sized high-flows over the course of the late Holocene, the effects of the land use changes projected for the first half of the twenty-first century are small. Although the B1 scenario indicates that some reforestation may occur in the twenty-first century, large-scale reforestation is not expected in the Meuse basin (WUR/MNP 2007), due to the high economic demand on land and the attention to the preservation of cultural landscapes. However, whilst the effects of twentyfirst century land use change on high-flow frequencies may be small, this does not necessarily mean that the impacts of land use change on flood risk (defined as the probability of flooding multiplied by the potential flood damage; Smith 1994) are small. In other basins around the world, the effects of twenty-first century land use change on discharge and high-flow frequency may be much larger. In particular, urbanisation may have a large effect on runoff. Moreover, changes in the percentage cover of forest have been shown to have a great influence on soil erosion and the delivery of sediments to rivers in the Meuse basin (Stam 2002; Ward et al. 2009 ).
Limitations
Recent studies by Leander and Buishand (2007) and Leander et al. (2008) show that the estimation of extreme discharge percentiles from the results of hydrological models is highly dependent on the climate model used and the method used to correct the bias of those climate models. The climate model used in this study has a low spatial resolution and simplified atmospheric physics compared to GCMs (and RCMs), which makes it difficult to precisely simulate the regional details and variability of daily precipitation. Furthermore, the downscaling of precipitation is carried out using a simple linear correction technique. Nevertheless, the discharge results are in general agreement with qualitative assessments of palaeodischarge derived from multi-proxy records of the late Holocene. Hence, the model is useful for assessing the main trends and changes over long time-scales, although the absolute values should be treated with caution.
The land use data represent only a generalised pattern of land use change over the last millennium, and do not include information on factors such as land use intensity (e.g. changes in crop types, irrigation etc.) or changes in water management measures (e.g. water retention basins; dams and weirs; canalisation). The examination of such measures would require the use of a higher resolution and a more complex hydrological model. However, the use of such a model would prohibit the examination of future changes with respect to long-term millennial changes (due to prohibitive computational time), which is the main aim of this study.
Conclusions
The discharge regime of the Meuse has undergone huge changes over the course of the late Holocene, due to both natural and anthropogenic causes. As such, the 'natural' discharge regime no longer exists, even ignoring the (ongoing and projected) impacts of anthropogenic climate change. Over the course of the late Holocene, both the mean discharge of the Meuse, as well as the frequency of high-flows similar in magnitude to those experienced during the major floods of 1926 and 1993, have increased. The difference between the periods 4000-3000 BP and 1000-2000 AD is mostly the result of lower mean annual evapotranspiration in the latter period due to the conversion of forest to agricultural land. However, the higher discharge and frequency of such high-flow events in the twentieth century compared to the nineteenth century are mainly due to higher (winter half-year) precipitation totals; on this timescale climate overwhelms land use change as the most important forcing mechanism. In the twenty-first century, projected anthropogenic climate change results in even greater discharge and high-flow frequency than in the twentieth century. The magnitude of extreme floods with a return period of 1,250 years is higher for the twenty-first century than for the twentieth century. Land use change has had little effect on such extreme floods, even on the millennial timescale.
One of the main values of the approach used in this study is that it allows us to delineate the effects of changes in climate and land use on long (centennial to millennial) timescales, and thereby identify mechanisms important to changes in discharge and high-flow frequency. The approach also allows us to examine the effects of anthropogenic activities against a natural reference period, which is not possible when only examining discharge records of the last century and the coming century. Furthermore, the results of the model are verified against geological and geomorphological evidence from periods in which environmental conditions were different to those of the present day. The modelling approach applied here can provide a useful tool for assessing the effects of future environmental change relative to longer-term changes in discharge and high-flow frequency in other basins around the world.
